Twelve influenza A viruses, antigenically related to the Ho, HI and Hswl subtypes, were isolated from cloacal samples of feral ducks in Canada. Antigenic comparisons showed that these viruses were most closely related to the recent HswINI isolates from man and pigs, whereas in vivo pathogenicity tests revealed differences between the HswINl viruses from the ducks and those from humans and pigs.
INTRODUCTION
Since the discovery of an influenza A virus in migratory birds in I96I (Becker, I966), influenza viruses with various haemagglutinin and neuraminidase subtypes have been isolated from numerous domestic and feral avian species (Easterday, I975); some of these avian influenza viruses possess antigens closely related to influenza A viruses isolated from man and other avian and animal species (Webster & Laver, I975) . A subsequent postulate related to these findings was that avian influenza viruses might play a role in the evolution of new pandemic human strains (Webster & Laver, I975) . Consequently, surveillance of influenza viruses in feral birds was begun in order to understand better the mode of exist-II6 V.S. HINSHAW, R. G. WEBSTER AND B. TURNER ence of these viruses in the birds, as well as their relationship to viruses appearing in other species (Kaplan & Beveridge, r972) . In previous studies the low incidence [from< o. 5 % (Webster et aL I976a) to 3 % (Slemons & Easterday, I975)] of influenza virus isolation from defined populations of ducks along the Mississippi flyway, has not permitted accurate assessment of variables such as species, age, sex and health status on the existence of influenza viruses in these birds. We now describe the isolation and antigenic classification of IO6 influenza A viruses from cloacal samples of feral ducks in Canada-documenting (i) the detection of viruses antigenically related to recent HswINI viruses from humans and pigs, (ii) the detection of viruses with a haemagglutinin antigenically related to that of classical fowl plague virus, (iii) the prevalence of antigenically diverse influenza viruses circulating among feral ducks, and (iv) the high incidence of infection in juvenile ducks.
METHODS
Collection of samples. During August, I976, at the end of the breeding season, ducks were trapped on Beaver Hill Lake near Edmonton and on several lakes near Vermillion in Alberta, Canada. All of the ducks were banded by the Canadian Fish and Wildlife Service and the ducks and other birds were classified as to species, sex and age. The birds were classified as juveniles (birds born within the year) or adults (sexually mature birds in the second calendar year of life or later). Cloacal swabs from 935 birds were placed into vials containing I ml of phosphatebuffered saline (pH 7.2) with 5o% glycerol and the following antibiotics: penicillin (Iooo units/ml); streptomycin (2oo/~g/ml); polymyxin B 0oo units/ml); gentamycin (25o #g/ml) and mycostatin (5o units/ml). The samples were frozen in liquid nitrogen for transport to the laboratory.
Ducks which were trapped on one lake located on a farm near Vermillion revealed a high incidence of influenza virus infection; therefore, to evaluate the possible infection of other species with these viruses, serum samples were collected approx. 2 months later from the 4 individuals who trapped the ducks and 18 domestic geese, 4 chickens and 5 humans living on that farm.
Viruses.
The following influenza A viruses were used in this study; the reference strains of influenza A viruses for the I5 haemagglutinin and IO neuraminidase subtypes (WHO report, I97I; Webster et al. I976a, b) ; Chick/Scotland/59 (Hav5NI); Sw/Wis/I/67 (HswINI); and NJ/8/76 (HswINl). The recombinant influenza viruses, A/NJ/8/76 (Hswi)-equine/Prague/I/56 (NeqI), A/Sw/Tn/9/76 (Hsw0-equine/Prague/I/56 (NeqI),
A/Dk/Alberta/35/76(H?)-equine/Prague/I/56
(Neq0 and A/Equine/Prague/I/56 (HeqI) Sw/Tn/3/76 (NI) [EqI(H)-Sw/Tn/3/76(N)] were prepared as described (Webster, I97o) . Cloning of virus isolates was done by two limit dilution passages in II-day-old embryonated eggs.
The viruses were grown in the allantoic sac of 1 I-day-old embryonated eggs and the virus particles were purified by adsorption-elution on washed chicken erythrocytes followed by differential centrifugation and sedimentation through a sucrose gradient (io to 4o% sucrose in o'I5 r~-NaC1 and o.oI M-sodium phosphate, pH 7"4) as previously described (Laver, i969) .
Virus isolations. A o-I ml portion of each sample was injected allantoically into embryonated chicken eggs (I I-day-old) and the allantoic fluids were tested for haemagglutinin activity after 72 h incubation at 35 °C. After sterility tests, virus isolates were stored at -
°C.
All haemagglutinating agents were tested for type A ribonucleoprotein (A-RNP). Antigens were obtained from acid-precipitation of 5 ml of allantoic fluid and resuspension of the precipitate in o'o5 ml of glycine-sarkosyl buffer (Palmer et al. ~975) . Storage was at 4 °C until used in single radial immunodiffusion tests (SRID).
Antisera. Antisera specific for A-RNP isolated from A/Vic/3/75 (H3N2) and for the isolated haemagglutinin subunits and most of the neuraminidase subunits from the reference strains of influenza A viruses were prepared in goats (Webster et al. 1974) . Antisera to the other reference neuraminidase antigens were prepared in rabbits or goats with antigenic hybrid viruses possessing an irrelevant haemagglutinin subunit. Antisera to A/Dk/ Alb/35/76 and to the isolated haemagglutinin from this virus were prepared in rabbits as previously described (Webster et al. I974) . The haemagglutinin of A/Dk/Alb/35/76 used for immunization was prepared by disruption of purified virus with sodium dodecyl sulphate (SDS) and separation of the proteins by electrophoresis on cellulose acetate strips (Laver & Webster, I973) . Hyperimmune rabbit serum to the isolated haemagglutinin of A/NJ/8/76 (HswINx) was kindly provided by Dr Graeme Laver. Antisera to selected human, avian and swine isolates were prepared in ferrets and chickens according to standard procedures (Palmer et al. I975) .
Serological tests. Identification of type A-RNP was accomplished in single-radialimmunodiffusion (SRID) plates (Hyland) which were filled with 3 ml of I"5% agarose (A37) dissolved in phosphate-buffered saline (PBS; pH 7.2), o-1% sarkosyl (NL97), o-I % sodium azide and oq ml of antiserum to purified A-RNP. Wells (3 mm in diam.) were filled with the virus antigens. After 24 h at 26 °C, the plates were placed in PBS (pH 7"2) for 24 h, stained I5 rain with aqueous o'5 % Coomassie brilliant blue, then soaked for 24 h in distilled water and read.
Haemagglutinin (HA) titrations and haemagglutination inhibition (HI) tests were performed in microtitre plates with receptor-destroying enzyme (RDE)-treated sera (Palmer et al. I975) . Neuraminidase (NA) titrations and neuraminidase-inhibition (Ni) tests have been fully described (WHO Report, I973). Double immunodiffusion tests were done in 1.5 % agarose (A37) dissolved in phosphatebuffered saline (pH 7'2) containing o-I % sarkosyl NL97 and o.I % sodium azide. Purified virus (6.o log~0 HA units/ml) was disrupted with o.I % sarkosyl NL97; the same concentration of sarkosyl was added to the antisera before it was applied to the plates in order to prevent formation of non-specific precipitin bands. The precipitin lines were photographed without staining. 25 °C for I h, were removed by centrifugation (50000 g for 3 ° rain). To remove any residual haemagglutinin remaining in the supernatant, the sera were absorbed with chicken erythrocytes. The absorbed sera were then used in reciprocal HI tests with A/DK/Alb/35/76, A/N J/g/76 and A/Sw/Wis/I/67. In vivo studies. The animals and birds used in these experiments had no serological evidence of prior exposure to influenza viruses and no viruses were isolated from samples taken prior to inoculation. All virus isolates from experimental animals or birds were classified by HI and NI tests as antigenically the same as the virus used for inoculation.
Ducks. Two adult muscovey ducks were inoculated intratracheally with I.o ml of allantoic fluid containing approx, lO 7 EIDs0/ml of A/Dk/AIb/35/76. Tracheal and cloacal swabs were taken daily for the next IO days. At 14 and 21 days post-inoculation (p.i.), blood samples were taken for serological studies. Sera from ducks inoculated with A/Sw/Tn/I/75 (HswlNt), a swine virus antigenically very similar to A/NJ/8/76 (Hinshaw et al. I978) , were available from previous experiments (Webster et al. I978 ) .
Pigs. In two separate experiments, 2 weanling pigs (5 weeks old), from a farm with no serological or virological evidence of swine influenza, were inoculated intranasally with 5 ml of allantoic fluid of either uncloned or cloned Dk/Alb/35/76. Nasal and rectal swabs and temperatures were taken for IO days p.i. At 2I or 28 days p.i., blood samples were drawn for serological tests.
Chickens. (a) One-day-old chicks (30) were inoculated intratracheally with o.I ml of allantoic fluid of~cloned Dk/Alb/35/76. Cloacal swabs were taken for 8 days p.i. On the eighth day, cloacal and tracheal swabs were taken.
(b) One-day-old chicks (6) were inoculated intratracheally with o-I ml of allantoic fluid of A/Dk/Alb/48/76 (HavxNavz) containing approx, io 7 EIDs0/ml. From 2 to 5 days p.i., tracheal and cloacal samples were taken daily from each chick.
RESULTS

Virus isolations
Haemagglutinating agents were isolated from Io7 of the 94 z cloacal swabs collected from the ducks and other avian species (Table x) . A higher proportion of mallard ducks (I4 %) yielded virus than did the pintail ducks (6%) or other miscellaneous species. All of the isolates were from apparently healthy birds; no isolates were obtained from specimens taken from z I birds with overt signs of disease. Although the numbers of adult and juvenile birds were comparable, the majority of isolates were from juveniles ( Table I ). The distribution between males and females (data not shown) was equal.
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Antigenic analysis of virus isolates
Of the IO7 agents, Io6 reacted in SRID plates containing specific antiserum to influenza A-RNP and were consequently designated as influenza A viruses. The one non-reactive isolate with the morphology of a paramyxovirus could not be classified with I4 reference antisera to paramyxoviruses, including NDV. All influenza A viruses were characterized in HI and NI tests with specific antisera to each of the I5 haemagglutinin subtypes and the Io neuraminidase subtypes. The antigenic classification of the influenza viruses (Table 2) showed four haemagglutinin subtypes (HavI, Hav4, Hav5, and Hav7) and six neuraminidase subtypes (NI, N2, Neq2, NavI, Nav2 and Nav5). Nine different combinations of haemagglutinin and neuraminidase subtypes were identified including one (Hav7NI) which has not previously been reported. All of the HA and NA subtypes were found among the isolates from juvenile mallards, although two combinations (Hav7Nav2 and Hav4Neq2) were isolated only once from a pintail and blue-winged teal, respectively. The one isolate (whose haemagglutinin and neuraminidase could not be identified (H ?N ?) was examined by electron microscopy and contained a mixture of ortho-and paramyxoviruses. In addition, I3 other influenza A viruses had haemagglutinins which could not be classified by the reference sera. HI tests with rabbit antisera to uncloned A / D k / A l b / 3 5 / 7 6 ( H ? N 0 (Dk/35) and A / D k / A l b / 6 o / 7 6 (H ?Nav5) indicated that I2 of the ~3 isolates with unclassified haemagglutinins (shown in Table 2 ) were inhibited by antiserum to A / D k / A l b / 3 5 / 7 6 whereas A / D k / A l b / 6 o / 7 6 was antigenically distinct. Antigenic analyses of A / D k / A l b / 6 o / 7 6 (H?Nav5) have not been completed; however, preliminary evidence with antisera to the whole virus indicates that this haemagglutinin may represent a new subtype. A representative of each haemagglutinin subtype was selected for HI tests with the sera collected from the humans, domestic chickens and geese in Canada; the sera were negative for antibodies (HI titre of < ~ : so) to any of the viruses tested.
Studies on avian (H ?N~) influenza isolates
Since the I2 duck isolates designated H ? N I were not fully classified in the screening tests, additional antigenic studies were done on these influenza viruses. 
Characterization of the haemagglutinin by HI tests
The hyperimmune rabbit sera to the isolated haemagglutinin of A/Dk/Alb/35/76 contained high levels of antibodies to the homologous virus and cross-reacted with three reference influenza A strains-Pr/8/34 (HoNI), FM/I/47 (HIN0 and Sw/Iowa/I5/3o (HswiNI) ( Table 3) -No cross-reactions were observed with the I2 other reference antigens included in this test. Additional reciprocal HI tests (Table 3) with hyperimmune rabbit sera indicated that the haemagglutinin of Dk/35 was more closely related to the HswI subtype of human and swine isolates. The HI results revealed a non-reciprocal crossreaction between Dk/35 and A/Sw/Ia/r5/3o (the prototype for the Hswr subtype), thus explaining why Dk/35 was not classified as HswI in the original HI screen with reference antisera. The HI tests showed that Dk/35 was closely related to recent HswlNi isolates, especially A/Sw/Wis/i/67, an HswlNr virus from pigs. Since all of the antisera were prepared to the isolated haemagglutinins of the viruses, there was no problem with steric inhibition by antibodies to the NI neuraminidase shared by these viruses. In addition, HI results (not shown) with antiserum to whole Dk/35 virus against recombinants of Dk/35, NJ/8/76 and Sw/Tn/9/76 possessing NeqI neuraminidase also showed that the crossreactivity between the viruses was specific for the haemagglutinin. The other I I H ?NI isolates showed similar reactions in HI tests, indicating that the haemagglutinins of these I2 viruses were similar and were all related to HswI.
Since cross-reactions between Hav5 subtypes and those of the Ho, H I and Hswi subtypes have been reported (Stuart-Harris & Schild, I976), A/chicken/Scotland/49 (Hav5N 0 and A/tern/South Africa/6I (Hav5Nav2) were included in the HI tests. No cross-reactions between Dk/35 and Hav 5 were detected with these sera (Table 3) Reciprocal HI tests with chicken antisera to A/NJ/8/76 and Dk/35 showed crossreactivity between the two viruses although the titre with homologous virus was four-to eightfold higher (results not shown). In addition, swine sera with antibodies against A/N J/8/ 76(H)/Eq/Pr/I/56(N) (Hsw~Neqi) reacted at a low level (3z-fold less) with the recombinant
A/Dk/Alb/35/76(H)/Eq/Pr/I/56(N) (HswINeqI).
Characterization of the haemagglutinin by immunodiffusion
Double immunodiffusion tests also demonstrated the relatedness of the haemagglutinin of Dk/35 to the Hswx subtype. Antisera to the isolated HA of Dk/35 and A/NJ/8/76 formed lines of partial identity (Fig. r) Although the HI tests showed a marked asymmetrical cross-reaction between the classical swine strain (A/Sw/Ia/r 5/3o) and Dk/35, this was not apparent in double immunodiffusion. In this assay (Fig. I) , there were strong lines of partial identity between Dk/35 and the other HswINI viruses tested, indicating antigenic relatedness among all of these strains.
Absorption experiments
The antigenic similarity between the haemagglutinin of Dk/35 and HswI viruses was confirmed by the results on the absorption of hyperimmune rabbit sera with the avian, human and swine viruses (Table 4 )-The heterologous viruses removed antibodies to common determinants shared by these viruses and left antibodies to the specific determinants, as shown by the residual reactivity (approx. 25 % of the original HI titre) with homologous virus. Absorption of antiserum to A/NJ/8/76 with the avian isolate (Dk/35) failed to show a significant reduction in HI titre; however, the levels of antibodies cross-reacting with Dk/35 were low and their removal would not have been detected.
Characterization of the neuraminidase
The neuraminidases of Dk/35 and the T I related isolates were classified as NI with reference antiserum to the N1 subtype. In NI tests with hyperimmune rabbit serum to A/eq/Pr/ 1/56(H)-NJ/8/76(N) (HeqrN0, the NA of Dk/35 and another avian virus, A/chick/ Scot/59 (Hav5NI), were inhibited equally whereas the NA of A/NJ/8/76 was inhibited to a fourfold higher titre. These results suggested that the neuraminidases of the avian viruses were very similar; however, they showed a slight difference from that of A/N J/8/76 , although reciprocal tests would be necessary to accurately evaluate the extent of antigenic variation among these NI subtypes.
In vivo studies
Since these duck isolates were antigenically related to HswINI viruses from humans and pigs, studies on the ability of these viruses to infect various hosts were undertaken for comparison with the non-avian viruses.
Ferrets inoculated with Dk/35 showed no signs of disease and produced a minimal immunological response. No samples were taken for virus isolation from these animals. HI tests with the ferret sera showed a low level of antibodies (HI titre of I : 8o) to Dk/35 and A/NJ/8/76; absorption of the ferret sera with an unrelated influenza virus, A/chick/ 'N'/Ger/49 (Hav2Neq2), reduced this titre to I : 20, indicating that the antibodies in the ferret sera were primarily directed at host antigens shared by egg-grown influenza A viruses. Post-infection ferret sera to A/NJ/8/76, A/Sw/Wis/~/67 and A/Sw/Cambridge/4I with I24 V.S. HINSHAW, R. G. WEBSTER AND B. TURNER HI titres of i : I28o to I : 512o against homologous viruses showed no cross-reactivity with the Dk/35 isolate. The muscovey ducks inoculated with Dk/35 showed symptoms of mild sinusitis and the virus Dk/35 was isolated from the tracheae (~ to 5 days p.i.) and from the cloacae (i to 7 days p.i.) of these ducks, indicating that the virus replicated in these ducks. Reciprocal HI tests with post-infection duck sera to Dk/35 and Sw/Tn/I/75 showed low levels of antibodies (HI titre of I : 2o to I : 4o) to the homologous virus and no cross-reaction with heterologous virus.
None of the chicks inoculated with Dk/35 showed evidence of disease or died, but Dk/35 was isolated from the cloacae of 6 chicks from 2 to 8 days p.i. Virus replication in the upper respiratory tract was not studied throughout infection, but was detected by the isolation of Dk/35 from the tracheal swabs of 2 chicks on the eighth day p.i.
Pigs inoculated with cloned Dk/35 remained quite healthy and produced a negligible antibody response (HI titre of I : Io) by 2I days p.i., indicating that this avian HswiNI virus did not infect these animals. There was suggestive evidence of virus replication in that Dk/35 was isolated from nasal samples for t to 2 days p.i. All rectal samples were negative.
Pigs inoculated with uncloned Dk/35 had a slight nasal discharge (3 to 5 days p.i.) and Dk/35 was isolated from nasal samples 2 to 3 days p.i. The nasal samples contained IO 1'5 EIDs0/ml -a low level of virus which could represent either residual virus from the inoculum or a very limited degree of virus replication. These pigs did not produce detectable levels (HI titre of < I : Io) of antibodies to Dk/35 and NJ/8/76. No viruses were isolated from the rectal samples.
Studies on HavINavz influenza isolates Antigenic analyses
Three duck isolates, which had been classified as influenza A viruses'by SRID with antisera to A-RNP, were characterized as HavINav2 by HI and NI tests with reference antisera. HI results with antisera to the isolated HA of A/FPV/Dutch/27 (HaviNeq0 and A/FPV/ Rostock/34 (HavIN0, and to whole virus A/turkey/Ore/I/7I (HavINav2) showed that A/Dk/Alb/48/76, a representative of the duck HavI viruses, was related to each of these Havr strains. In NI tests with antisera to the Nav2 subtype, A/Dk/Alb/48/76 and A/ turkey/Ore/r/7I showed similar levels of inhibition, demonstrating that these particular duck and turkey strains share a related NA and HA.
In vivo studies with A/ Dk/Alb/48/76 (HavlNav2) Chicks (I-day-old) inoculated with A/Dk/Alb/48/75 showed no signs of disease but were infected as readily as the natural host, i.e. the ducks. Viruses were isolated from the tracheae of all inoculated chicks and from the cloacae of 2 chicks 2 to 5 days p.i.
Chick embryos inoculated with this virus were not killed within 3 to 4 days p.i., indicating that, although the HA of this isolate and fowl plague virus may be related, the duck isolate does not possess the virulence of fowl plague virus.
DISCUSSION
A total of 1o6 influenza A viruses were isolated from healthy feral ducks in Canada in August, 1976 . Juvenile mallard ducks reflected the highest incidence of infection-as much as 23 ~o in one area. Antigenic analyses of these influenza viruses from ducks yielded six different haemagglutinin subtypes (Hsw[, H~vl, HAY4, Hay5, Hay 7 and H?) The HswINI viruses from ducks possess a somewhat different host range than related viruses from humans and pigs. In pigs exposed to Dk/35, the brief period of virus recovery followed by the low antibody response was not indicative of typical H swIN I virus infections in these animals but did not exclude the possibility that the avian virus may have replicated to a limited extent. The natural hosts, i.e. feral ducks, were readily infected with Dk/35 which replicated in both the trachea and cloaca, as previously reported for other influenza viruses from ducks (Webster et al. I976a) . In contrast, recent HswINI influenza viruses (A/Sw/Tn/I/75) replicate in the respiratory, but not the intestinal, tract of ducks (Webster et al. I978 ) -a restriction not shared with the avian HswiNI viruses. In chickens, as in the natural host, Dk/35 replicated in the intestinal, as well as the respiratory tract. Ferrets inoculated with Dk/35 influenza virus showed no signs of disease and produced insignificant levels of HI antibodies 0/2o). This is in contrast to the HswlNi influenza viruses from pigs and man which typically produce respiratory signs in ferrets and induce high levels of HI antibodies (~/iooo) [Kendal et al. I977; Hinshaw et al. I978] .
The limited number of sera from other species in contact with the feral ducks in Canada showed no evidence of interspecies transmission of these avian influenza viruses; however, the sample size was too small to give a definitive answer so additional sera are being collected during our surveillance studies this year. The demonstration of interspecies transmission of HswINI viruses between pigs and humans during the past year (B. C. Easterday, personal communication) has indicated that interspecies transmission does occur in nature -whether this phenomenon occurs with other influenza A viruses remains unanswered at this time.
The isolation from ducks of viruses antigenically related to fowl plague virus may be of importance to the chicken industry in the U.S.A. Classical fowl plague has not been reported in the U.S.A. since I929 (Beaudette et al. I934) ; however, a related virus, i.e. A/turkey/ Ore/7I (HavINav2) was isolated recently during a mild outbreak of respiratory disease in turkeys (Beard & Helfer, I972) . The HavINav2 isolates from the ducks in Canada share both surface antigens (HA and NA), as well as avirulence, with the turkey isolate. The isolation of these viruses from migrating ducks suggests that these birds may be a natural reservoir of this virus and may have introduced the virus into turkeys in Oregon during migration. Some of the ducks from the Vermillion area of Alberta migrate down the Mississippi flyway (Anderson & Henny, 1972 ) and, in Menqphis during the fall of 1976, we isolated another HavxNav2 virus from a hunter-killed duck. This certainly indicates that the viruses still circulate in the ducks after they have left the marshalling areas and supports the suggestion that migratory birds may introduce viruses into susceptible domestic flocks, possibly via faecal contamination of areas along the migration route (Easterday, I975; Webster et al. I976a) .
Previous studies have reported the isolation of many different strains of influenza viruses from ducks (Easterday, I975) but until now the high incidence of viruses in juvenile birds has not been reported. The isolation of antigenically related viruses from ducks in different parts of the world at various times (Table 2) , as well as from domestic and other species in North America, suggests that ducks are important in the ecology of influenza viruses. The concurrent circulation of many different influenza viruses in ducks shows that a large reservoir of viruses exists in this species. Although the natural history of these viruses in ducks is not known, the avirulent nature of the viruses for the ducks and the ample opportunity for transmission during the annual congregation constitute an ideal situation for continual virus circulation within this population.
The circulation of numerous antigenically different influenza viruses within a closely congregated population of birds, as in the marshalling and moulting areas, provides the ideal situation for mixed infections, which increases the opportunity for genetic reassortment among different influenza viruses-a phenomenon demonstrated both in vivo and in vitro (Webster & Laver, 1975) . Indeed, the reassortment of genetic information between a virus of animals or birds and the prevalent human strain has been suggested as an explanation for the origin of the most recent human pandemic strain of influenza, A/Hong Kong/ 1/68 (H3N2) (Webster & Laver, 1975) . All of the known human influenza viruses that have been isolated since I934 possess haemagglutinin and neuraminidase subunits that are related immunologically to influenza viruses in lower animals and birds (Webster & Laver, 1975) . The detection of HswlNI viruses in humans, pigs and birds within this last year underlines the interrelationships of these viruses concurrently circulating in different species. If these viruses in birds and animals serve as a source of new genetic information for the human pandemic strains of influenza, the numerous influenza viruses circulating in birds represent a vast antigenic pool in which ' old' and possibly ' new' antigens may persist and represent a potential source of diverse antigens appearing in viruses in other species including humans.
